The monolayer characteristics of achiral and chiral imidazole amphiphiles on the air-water interface have been studied by measuring the surface pressure/surface area (II/A) isotherms and by epifluorescence microscopy. Both types of amphiphiles form stable monolayers at the air-water interface with a welldefined liquid-expanded (LE) to liquid-condensed (LC) phase transition. The enantiomerically pure imidazole amphiphiles display the same 11/A isotherms within experimental error. The addition of small concentrations (10-6-10~* M) of transition metal ions (Co(II), Ni(II), Zn(II), and Cu(II)) causes a change in the isotherms, which suggests that these ions bind to the imidazole ligand functions. Epifluoroescence microscopy experiments on monolayers of the imidazole amphiphiles on pure water reveal that Bolid domains are formed when the monolayers are compressed into the LE to LC phase transition region. These domains have dendritic or fractal shapes. Interestingly, in the case of the chiral imidazole amphiphiles the solid domains have a chiral appearance: they turn clockwise or counterclockwise depending on the configuration of the chiral center in the amphiphile. The formation of solid domains is also observed when the chiral imidazole amphiphiles are spread on a subphase containing zinc(II) ions. These domains, however, have no chiral appearance.
Introduction
Metallomicelles and metallovesicles are currently re ceiving much interest as novel supramolecular catalytic systems.1-3 These aggregates possess catalytic functions or redox active centers which are positioned a t a lipidwater interface. Amphiphilic substrates may be bound at this interface or in the interior of the aggregates and may be converted selectively a t the metal centers. The development of such systems is complicated by the complex aggregation behavior of surfactants, especially when interactions with ions can occur. In order to get a better understanding of these systems, we recently syn thesized imidazole amphiphiles 1 and 2 (Chart 1) and studied their aggregation behavior and copper binding properties in water.4'6 The mono-HCl salts of 1 and 2 form stable unilamellar vesicles with a well-defined gel to liquid crystalline phase transition. Addition of copper-(II) salts leads to the formation of complexes of the type copper (imidazole)4 2+ at the lipid bilayer-water interface. By placing the methyl substituent at the a position of the amine group, we were able to introduce the property of chirality in this type of amphiphile without gTeatly changing the pK* values and copper complexation prop erties.
Monolayer studies can give valuable information on general properties of amphiphilic systems, such as the packing of the molecules at the interface and the occurrence ♦ Nijmegen SON Research Center, t Johannes Gutenberg Universität. * Abstract published in Advance ACS Abstracts, May 15,1994. (1) (a) Menger, F. M.; Gan, L. H.; Johnson, E.; Durst, D. H. </. Am. Chem. Soc. 1987 ,109,2800 -2803 Fornaaier, R.; Scrimin, P.;Tonellato, U.; Zanta, N. J. Chem. Soc., Chem. Commun. 1988,716-718. (c) Fomasier, R.; Scrimin, P.; Tecilla, P.; Tonellato, U. J . Am . Chem. Soc. 1989, 111, 224-229. (d) Fqjita, T.; Ogino, K.; Tagaki, W. Chem. L ett. 1988,981-984. (2) Simon, J.; Le Moinge, J.; Markovitsky, D.; Dayantis, J. J. Am . Chem. Soc. 198«, 102, [7247] [7248] [7249] [7250] [7251] [7252] (3) Kunitake, T.; Ishikawa, Y.; Shimomura, M. J. (4) van Each, J. H.; Stols, A. L. H.; Nolte, R. J. M. J. Chem. Soc., Chem. Commun. 1990 ,1668 -1670 (5) van Each, J. H.; Damen, M.; F eite«, M. C.; Nolte, R. J. M. Submitted for publication. 0743-7463/94/2410-1955$04.50/0 Chart 1
of phase transitions.6 Furthermore, monolayers are a sensitive tool to detect chiral recognition between mol ecules.7 In this paper we report on the monolayer characteristics of our imidazole-containing amphiphiles as studied by surface pressure/surface area isotherms and by epifluorescence microscopy.8-10 We will show th a t compression of 1 and 2 leads to the formation of dendritic or fractal domains. For 2 these domains have chiral shapes. Their handedness is related to the enantiomorphic con figuration of the amphiphiles. The effect of transition metal ions on the monolayer properties will be discussed.
Results and Discussion
Iso th erm s. Surface pressure/surface area isotherms of compound 1 were measured at various temperatures on an aqueous subphase a t pH 5.5 (Figure 1) . Variation of the compression rate from 0.04 to 0.013 nm^molecule-1* min-1 did not alter the isotherms, indicating th at the monolayers are stable. Figure 1 shows th a t compound 1 forms a liquid-condensed (LC) Him a t 6.5 °C and a liquidexpanded (LE) film at 39.5 °C. At intermediate tem peratures a phase transition from a liquid-expanded to a liquid-condensed state is observed upon compression of the monolayer. The slope of the isotherms in the phaBe transition region is close to zero, suggesting th at we are dealing with a pseudo-first-order phase transition. The compression isotherms of compound (5)-2 ( Figure  2 ) are similar to those of 1, although the pressures at which the LC and LE 61ms collapse are lower than for the latter amphiphile. Figure 2 reveals th a t the molecular area observed for compound (S)-2 in the LE state is lower than the area observed for amphiphile 1, despite the fact th at 2 contains an additional methyl substituent. An explana tion could be th a t this methyl substituent shields the amine function and prevents the latter from being exposed to the water surface, leaving only the imidazole group available for interaction and hydration. The amine function in compound 1 is less sterically hindered which allows interaction of both the imidazole group and the amine group with the aqueous interface, thereby leading to a larger molecular area per head group.
The isotherms of the amphiphile (R)-2 on an aqueous subphase of pH 5.5 were identical to those of (S)-2. Also the isotherms of the Tacemate (R,S)-2 a t 10,15, and 20 °C were indistinguishable within the experimental error from those of the enantiomerically pure amphiphiles Cft)-2 and (5)-2. It is known from the literature th a t small differences in the packing of racemates and pure enantiomers can easily be detected by measuring the monolayer properties.7 The melting point of the racemate (mp 26-27 °C) however was different from th a t of the pure enantiomers (mp 28.5-29.5 °C), indicating that there is some effect of the stereochemistry of the compounds on the packing in the three-dimensional solid state. It may be argued th a t the observed effects are due to the fact th a t compression of the monolayers leads to a nonequilibrium state. However, separate experiments revealed th at decreasing the speed of compression did not alter the isotherms, making this explanation unlikely. Furthermore, hysteresis experi ments showed th a t the decompression isotherms of the pure enantiomers and the racemate were identical and were only slightly different from the compression iso therms. These results support the idea th a t monolayers of compound 2 on a neutral subphase are close to an equilibrium state when they are compressed. Monolayers of the racemate (R£)-2 behave as an ideal mixture, experiencing no effect of the chiral centers on the isotherms. Such behavior has also been observed for phosphatidylcholines.
Decreasing the pH of the subphase from 5.5 to 3 caused the monolayers of 1 to become more expanded. At the same time a slight increase of the collapse pressure was observed ( Figure 3 ). Increasing the pH to 11 had little effect on the isotherm of 1. Apparently, protonation of 1 takes place below pH 5.5. Previous investigations on aqueous dispersions of amphiphile 1 had revealed th at the apparent pK , for protonation of the amine function is approximately 4, which is in line with the above re su lt2,11 The protonation leads to charged molecules and to an enhanced repulsion; thus, the pressure a t which the phase transition occurs (•*■") increases from 8.5 to 23.5 m N -nr1 a t 20 °C, and the onset of the LE phase (An) increases from ~0.88 to ~0.98 nm^molecule*1. The pJfa of com pound 2 is approximately the same as the pif* of l.2 The isotherms of (S)-2 indeed showed a similar expansion of the film a t pH 3 as observed for 1, with an increase of wc from 7.5 to 28.5 m N -nr1 and of An from 0.77 to 0.92 nm2-molecule_1. Apparently, 2 also becomes protonated at pH 3 (compare Figures 2 and 4) . Figures 3 and 4 reveal th a t monolayers of 1 and 2 still show a phase transition from a LE state to a LC state at pH 3.
The effect of small concentrations (1(H M) of transition metal ions (Co(II), Ni(II), Cu(II), and Zn(II)) in the aqueous subphase on the isotherms of (S)-2 is presented in Figure  5 . All transition metal ions caused an increase of irc. On the contrary, sodium chloride in the subphase had no effect on the isotherms. This suggests th a t the observed changes in the isotherms are due to selective binding of the transition m etal ions. The increase of depends on the type of transition metal ion and follows the series Ni2+ < Co2+ < Zn2+ < Cu2+. Interestingly, nearly the same order was found for the binding constants of imidazole to these ions (Co2+ < Ni2+ < Zn2+ < Cu2+).12 Previously we have shown th at vesicles of 1-HC1 bind copper(II) ions to the bilayer surface in an approximate 4:1 amphiphile to metal (11) T he apparent (or observed) p K , is reduced compared to the intrim ic (or aurface) pK due to the form ation of an electrical double layer upon protonation.
(12) Sundberg, R. J.; Martin, R. B, Chem. Rev. 1974, 74, 471-517. Area ( ion ratio. Most likely the effects of transition metal ions on the isotherms of (S)-2 are caused by a similar coordinative binding (vide infra). Figure 5 shows th a t copper(U) ions in the subphase have the largest effect on the isotherms of (S)-2. We already observed an effect a t a concentration as low as 10-4 M. Higher concentrations of this ion led to a further increase of t c and a decrease of An. At a concentration of 10-3 M the phase transition disappeared and the isotherm had the characteristics of a LE phase (Figure 6 ). Addition of copper(II) caused th e film to become more expanded at higher r values as is noticed from the increase of the collapse area from 0.40 nm^molecule-1 whithout any additive in the subphase to 0.49 nm^molecule-1 a t a copper* (II) concentration of 10-3 M. At the same time An Langmuir, Vol. 10, No. 6,1994 1957 A re a (n m V m o lecu le)-------► decreased from 0.83 nm^molecule'1 to a final value of 0.73 nm^molecule*1. The structure of copper(II)-imidazole complexes could account for this behavior. In copper-(imidazoIe)42+ the imidazole ligands have a square planar arrangement around the m etal ion.12 Such a structure prohibits close packing of the alkyl chains upon compres sion, hence leading to an increase of the collapse area. The formation of such complexes also causes a reduction of the number of free molecules on the surface because in the copper complexes four amphiphilic molecules of 2 form one complex unit with the copper(II) ion. This reduction may account for the shift of An to lower molecular areas.
The dependence of the isotherms of {R)-2 on the zinc-(II) concentration is given in Figure 7 . Increasing the zinc-(II) concentration from 10~* to 10-2 M also caused to increase, but a complete disappearance of this phase transition waB not observed. At a concentration of 10~2 M the monolayer became saturated with zinc(II) ions, as can be concluded from the fact th a t no further change is observed at higher concentrations (2 x 10-2 M). In contrast to the effect of copper(II) ions on the isotherms, binding of zinc(II) ions did not alter An. This could point to the formation of complexes with a different structure (zinc-(imidazole)42+ complexes have a tetrahedral geometry12), or to the formation of complexes in which only one molecule of 2 is coordinated to one zinc(II) ion. The association constants for coordination of a second or third imidazole ligand to zinc(II) are considerably lower than for coor dination to copper(II).12 Formation of complexes in which several molecules of 2 are coordinated to one zinc(II) ion probably takes place at higher local concentrations of the imidazole ligands, e.g, a t lower molecular areas.
F luorescence M icroscopy. Changes in the morphol ogy of the monolayers of 1 and 2 during compression were investigated by epifluorescence microscopy. For th at purpose 0.5 mol % fluorescent probe DPPE-sulforhodamine13 was added to the amphiphile solutions before spreading. Figure 8 shows a series of photographs of a monolayer of 1 on a neutral subphase a t 20 °C taken at various stages of compression. At low pressures (<0.5 mN-mr1) the amphiphile forms a two-dimensional foam on the air-water interface ( Figure 8A ). I t should be noted th a t the bright areas in the figure consist of molecules of 1 in the LE state mixed with the fluorescent probe. The dark regions represent the gas phase. Upon compression the monolayer becomes homogeneous, but when the LE to LC phase transition region is reached, small dark nuclei appear ( Figure 8B ). These nuclei grow as the area per molecule is further decreased, to form dark dendritic domains of amphiphile molecules in the LC state which are incorporated In a m atrix of amphiphile in the LE state ( Figure 8C,D) . The solid domains in Figure 8 do not represent equilibrium structures. If they had been, they would have had a circular appearance which is the result of the fact that the interfacial energy between the phases is a t a minimum. We observed no annealing effect on the solid domains over 1 2 h a t2 0 °C. Furthermore, the shape of these domains was not altered by a 4-fold decrease of the compression speed.
Imidazole amphiphile 2 had a chiral center. It was therefore tem pting to see whether this center could induce the formation of chiral solid domains, when the monolayers were compressed. The formation of chiral two-dimen sional solid phases had been described before in the literature, viz., for monolayers of phosphatidylcholines and phosphatidylethanolamines.®-1* T o the best of our knowledge, they have not been reported for synthetic amphiphiles. Fluorescence microscopic photographs of a (14) Miller, A ; Knoll, W.; Mfihwald, M Phys. Chem. Reu. 198«, 58, 2633 Reu. 198«, 58, -2636 monolayer of(S)-2 mixed with 0.5 moi % fluorescent probe on a neutral subphase are presented in Figure 9 . These pictures show th a t (5)-2 forms dendritic domains which have branches th a t are bent in a counterclockwise direc tion. On the contrary, domains arising from amphiphile (R)-2 display clockwise turned brandies. The racemic mixture (R,S)-2 did not show chiral dendritic domains. More open, fractal-like structures were observed without any specific direction of rotation of the branches ( Figure  9 ). Furthermore, these fractal domains formed by (/?,S)-2 were brighter than the dendritic domains formed by the homochiral compounds, giving rise to less contrast between the solid and fluid phases. This could indicate th a t some fluorescent probe molecules are enclosed within these solid domains.
We observed a strong effect of the temperature on the shape and the annealing of the chiral domains of (R)-2. At 20 °C they had a dendritic structure with very fine branches, most often with a 6-fold rotation symmetry. As also found for compound 1, annealing of the dendritic domains was slow. At 15 °C the branches were much thicker and had a smooth interface, whereas the number Figure 9 . Fluorescence micrographs of monolayers of (S)-2 (A, n = 8.5 mN-nr1), (ft)-2 (B, II » 8.5 mN-nr1), and (ft,S)-2 (C, II = 8.5 mN-nr1) on an aqueous subphase of p H 5.5 in the LE to LC p h a s e transition region (T « 20.0 °C). of side arms was reduced ( Figure 10A ). The effect of the chiraiity on the shape of the branches was still noticeable. Annealing of the domains to more rounded structures without any specific clockwise or counterclockwise rotation occurred within hours. After 12 h the majority of the domains had a circular shape ( Figure 10B ).
On an acid subphase compound 2 becomes protonated {vide supra). We observed the formation of very thin chiral domains with a 6-fold rotation symmetry for the protonated amphiphile (S)-2 a t 10 °C (data not shown). The branching was smaller than for 2 on pure water a t 20 °C. Aging of the domains to more rounded structures occurred within hours. After 60 h they had a completely circular shape. The fact th a t the domains are thinner may be caused by the higher electrostatic interactions due to protonation of the amine groups, which will lead to more elongated domains. This explanation is in agreement with results reported in the literature on domain formation in monolayers of sn-l,2-dimyristoyl-3-glycerophosphatidic acid (DMPA) on subphases of different pH .16,16 Unfor (15) Bunten-Ges. Pkys. Chem. 1986 , 90,1159 tunately we were not able to compare the domain formation of unprotonated and protonated 2 a t the same temperature since a higher temperature than 10 °C requires a pressure greater than 20 m N -nr1 to reach the phase transition region. We observed th a t a t this high pressure the fluorescent probe crystallized. On the other hand un protonated 2 did not show a LE to LC phase transition at 10 °C (see Figure 2) .
From the compression isotherms of monolayers of (ft)-2 on subphases containing m etal ions, we concluded that 2 forms complexes with these ions a t the air-water interface (vide infra). Furthermore, these isotherms shows that the metal-complex monolayers exhibit similar phases as the metal-free monolayers. In order to corroborate this conclusion, fluorescence microscopic studies on the mono layers were carried out. Unfortunately, we observed that the fluorescence of DPPE-sulforhodamine was strongly quenched by copper(II) ions in the subphase. The presence of zinc(Il) ions, however, did not disturb the fluorescence of the probe. We observed for monolayers of (S)-2 on a subphase containing 2 x 1Q-* M zinc(II) sulfate the formation of a two-dimensional foam at high molecular areas (>0.80 nm2-molecule1). Upon compression into the m n Each et al. Figure 10 , Fluorescence micrographs of a monolayer of (R)-2 on an aqueous subphase of pH 5.5 and T 1 compression into the LE to LC phase transition region (A, n * 2.8 mN-nr1) and after 12 h (B).°C , immediately after Figure 11 . Fluorescence micrographs of a monolayer of (S)-2 on an aqueous subphase containing 2 X 10-* M iinc(II) sulfate: nuclei formed shortly after compression into the LE to LC phase transition region (A, n *» 6.5 mN-nr1) and solid domains formed upon further compression (B, n ■ 7.0 mN-m1) (T = 5.0 °C).
LE region a homogeneous fluorescent monolayer was formed. Moving into the LE-LC phase transition region gave rise to the formation of small dark nuclei {Figure 11). Upon further compression these nuclei grew. The resulting solid domains were much brighter than those observed for the metal-free monolayers. As a consequence the contrast between the solid domains and the fluid phase was low, making detailed observations of the shape and the aging of the domains impossible. Nevertheless, it was clear th at they had a fractal-like structure, without any specific clockwise or counterclockwise rotation of the branches. Their brightness suggests th a t a considerable quantity of the fluorescent probe is enclosed. T he darkness of the nuclei indicates th a t they had a different packing than the branches. From the results we may conclude th a t the solid domains of zinc(II) complexes of (S)-2 are less regularly packed than those of metal-free (S)-2. A favorable electrostatic interaction between the negatively charged fluorescent probe and the positively charged anc-(Il)-am phiphile complexes might account for the incor poration of the fluorescent probe. I t should be noted, however, th a t the solid domains of protonated (S)-2 did not contain noticeable amounts of the fluorescent probe, as was evident from the strong contrast in th a t case.
Concluding Remarks
Imidazole amphiphiles I and 2 form stable monolayers a t the air-w ater interface with a well-defined LE to LC phase transition. No effect of the chiral center is detectable when the isotherms Of homochi red compound 2 and the racemate are compared. Such an effect can, however, be observed by fluorescence microscopy. This technique shows th a t upon compression into the LE to LC phase transition solid domains with a chiral dendritic shape are formed. Protonation of the imidazole amphiphiles causes the monolayer to become more expanded and increases the interaction with the subphase. This is in line with the previously reported formation of vesicles upon protonation of the imidazole amphiphiles.6 Fluorescence microscopy shows th a t the dendritic solid domains of the enantiomers of both protonated 2 and unprotonated 2 contain am phiphiles th a t are packed in a disymmetric way.
The observed dendritic domains are nonequilibrium structures because they do not have a circular appearance, since in this case the interfacial energy between the phases would be at a minimum.17 For compound 2 on a neutral subphase no annealing of the domains to round equilibrium structures is observed. H ad this been the case it would have been favored by a large line tension. T he latter is opposed by the elasticity of the solid phase. Apparently, for 2 on a neutral subphase the line tension between the LE and LC phases is rather low. On th e other hand, the solid domains formed by 2 on a acid subphase do anneal to more round structures within hours. Most likely, this is due to a decreased elasticity of the domains, which is caused by a less dense packing in the solid phase.
Fluorescence microscopy reveals th at enantiomerically pure (R)-2 and (S)-2 form chiral dendritic domains, whereas the racemate forms fractal structures without any chiral appearance. No difference is detected when the isotherms of the enantiomers and the racemate are compared. This apparent ideal behavior of monolayers of (R,S)-2 implies th a t no racemic solid phase is formed. This may be explained by a microphase separation occurring during the LE to LC phase transition. This can lead to the formation of small crystallites composed of either (R)-2 or (S)-2. It has been proposed in the literature th a t compression into the LE-LC coexistence region initially leads to the formation of such crystallites which are too small to be observed by fluorescence microscopy.18 The large solid domains which can be seen are subsequently formed by aggregation of the small crystallites. In the case of the racemate the latter process will lead to a less ordered structure, and hence to a lower line tension. This results in the formation of fractal domains instead of dendritic domains, as observed for monolayers of the pure enantiomers.19
Complexation of transition metal ions like copper(II) or zinc(II) to the monolayers changes the isotherms. These changes suggest th a t in the case of copper(II) more than one imidazole amphiphile is coordinated to the metal ion. Monolayers of 2 with bound zinc(II) ions still exhibit the phases typical for monolayers of amphiphiles as is evident from the fluorescence spectroscopy experiments. The solid domains formed by these zinc-containing monolayers probably encapsulate a considerable amount of fluorescent probe, which indicates they have a less regular molecular packing.
Monolayers of Chiral Imidazole Amphiphiles

Experimental Section
Materials. The synthesis of imidazole amphiphiles 1 and (R)-2 was described previously.3 Amphiphiles (S)-2 and (R*S)-2 were synthesized as reported for (R)-2. Data for (S)-2: [a]»0 " +44.0° (c = 1, methanol); mp 28.6-30 °C. Data for (R,S)-2: mp 26-27 °C. Chloroform (p.a., stabilized with 2 vol % ethanol), NiClrSHjO, CoCl?6H]0, CuClj*2H]0, and ZnS04-7H20 (all p.a. grade) were purchased from Merck. DPPE-sulforhodamine (snl,2-dipalmitoyl-3-glycerophosphatidylethanoIamine-sulforhodamine) was obtained from Molecular Probes Ltd. Millipore water (pH 5.5) was used in all experiments.
Measurements of Isotherms. Surface pressure/surface area diagrams (IIIA isotherms) were recorded on a rectangular trough (420 cm*) equipped with a Wilhelmy balance. The temperature of the subphase was measured via a thermocouple immersed in the subphase and was kept constant within ±0.1 °C. The trough, Wilhelmy balance, and temperature-measuring system were interfaced to a personal computer for control of the measurements and the data acquisition.90 The salt concentrations in the subphase are given in the Results and Discussion. Usually 50 iiL of a chloroform solution of the imidazole amphiphiles (0.9-1.1 mM) was spread, and the monolayer was compressed at a rate of0.07nm!'inolecule-l'min-1. Hysteresis experiments were carried out as follows: the monolayer was compressed to a pressure of 30 mN-m"1, after 10 min expanded in the gas-analogous state, equilibrated for 30 min, and recompressed to the point of collapse of the film.
Fluorescence Microscopy." The epifluorescence micros copy equipment consisted of a fluorescence microscope with a video recording-display unit, and a thermostated trough (350 cm2) which was placed below the objective of the microscope. The surface pressure was measured with a Wilhelmy balance. The surface flow in the plane of the monolayer was reduced by placing an open circular mask of Teflon (diameter 20 mm) into the subphase under the objective of the microscope. The fluorescent probe DPPE-sulforhodamine (0.5 mol %) was added to the chloroform solution that also contained the imidazole amphiphile. After spreading of the solution and equilibration of the film, the area was reduced at a rate of0.065 nm^molecule-1-min*1 and domain formation was recorded.
